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Generation of an indexed, saturated, insertional-mutant library is an aid to understanding the functions of genes in an organism. However,
10 years of work by many investigators have not yet yielded such a library in rice. The major reason is that determining the chromosomal locations
of a very large number of random insertion mutants by flanking sequence analysis is highly labor intensive, and therefore, libraries that do exist
have not been indexed. We report here an efficient procedure to construct an indexed, region-specific, insertional-mutant library of rice. The
procedure makes use of efficient long-PCR-based high-throughput indexing, coupled with a random but anchored population of Ds transposants.
Long-PCR indexing allows rapid and simultaneous determination of the chromosomal locations of a large number of mutants that surround a
particular anchor line, thus converting a random library into an indexed one. Such a library can be used directly, without the need to screen a large
random library for a desired mutant plant.
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Moreover, rice has become a model plant for molecular studies
of monocot crops because of its relatively small genome and the
availability of both an efficient genetic transformation method
and the DNA sequence of the entire genome. The next major
phase of research is to determine the function of each of the
approximately 40,000 genes. A key functional-genomics tool is
an indexed, saturated, insertional-mutant library in which the
chromosomal location of each mutant is known. The maize Ac/
Ds transposon system has been used to generate a relatively
small number of anchor plants from which a large number of
secondary insertional-mutant sublines in Arabidopsis have been
derived [1]. Saturation of the genome by random insertional
mutagenesis requires about 220,000 mutants for Arabidopsis
and 660,000 mutants for rice, to ensure with 99% probability
that an insertion occurs every 3 kb [2].
Ac/Ds transposon-based tagging is one of themajor approaches
used for constructing insertional-mutant libraries of rice. For rice,⁎ Corresponding author. Fax: +1 607 255 2428.
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doi:10.1016/j.ygeno.2006.11.014close to 50,000 Ac/Ds-based insertional mutants have been
produced [3–11]. One advantage of an Ac/Ds-based library is that
revertants can be readily obtained and easily identified [12,13],
allowing verification of the function of a given gene. The second
advantage is that the transposon-based mutagenesis may provide
the most effective tool for obtaining gene disruptions and for
generating gene traps [14]. In contrast, revertants cannot be readily
obtained in direct T-DNA-based insertional mutants or by using
the endogenous transposon tos17, even though several large,
random mutant populations have been generated [5,15]. The
chromosomal locations of the majority of rice insertion sites,
regardless of type, are not known. Thus it would be very time
consuming to screen even a partial library of 100,000 mutants,
searching for mutants that correspond to specific genes of interest.
This is because the entire mutant population would need to be
screened using one of the three available methods [2,16,17]. The
currently available approaches make it impractical to analyze the
functions of all 40,000 rice genes.
In reverse genetics as applied to plants, the process of
identifying a specific mutant to help determine the function of a
gene requires two major steps. The first is to produce a saturated,
Fig. 1. Flow chart of our protocol to rapidly produce an indexed, insertional-
mutant library in rice.
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random library to identify the desired insertional mutant and,
when possible, allelic mutants as well [18,19]. An attractive
alternative approach is first to produce an indexed, insertional-
mutant library so that the chromosomal location of each
insertional mutant is already known. With such a library, steps
1 and 2 are combined. In principle, the flanking sequences of each
currently available insertional-mutant library can be determined
to produce an indexed library. However, it will require too much
effort and time to determine the sequences of the currently
available insertional mutants in rice by flanking sequence analysis
(FSA). It would be even more difficult to sequence 660,000
insertional mutants, one at a time, when such a population
becomes available. Moreover, for rice, only approximately 70%
of the samples used for FSA gave sufficient information for
matching a sequence in the DNA database [8]. Thus, 30% of the
chromosomal locations would not be identifiable.
In this paper, we describe an efficient procedure to construct
an indexed, insertional-mutant library such that, in principle, a
specific chosen chromosomal region can be truly saturated with
insertional mutants. This is possible because the Ds elements
prefer to transpose to genetically linked sites in rice [7,20]. In
our approach, the entire rice chromosomal region is arbitrarily
divided into some 1200 anchor regions (launch pads), such that
specifically chosen regions can be saturated and studied one at a
time. More importantly, we developed an efficient high-
throughput method to determine simultaneously the chromoso-
mal location of each mutant in a large population, generated
from a specific anchor plant, without the need for sequencing
each mutant by FSA. This long-PCR procedure to determine
rapidly and simultaneously the chromosomal locations of
mutants is a unique aspect of our approach.
Results
Overall design
To produce an indexed, region-specific, saturated, inser-
tional-mutant library with the use of the Ac/Ds gene tagging
system, the following steps are required, as shown in Fig. 1.
First, rice calli are transformed with suitable plasmids to
generate transgenic rice plants that harbor the Ds element and
separately the Ac transposase-containing plasmid (Ac-TPase).
The chromosomal location is determined for each Ds-
containing plant that harbors a single copy of the T-DNA
integration. Those Ds-containing plants that are suitably
distributed over the rice chromosome, for example, every ca.
400 kb, are considered anchor plants (launch pads) and
referred to as Ds plants (Fig. 1, top line). Next, a Ds plant is
crossed with an Ac-TPase plant to allow transposition to
occur. Then, a large number of localized F2 and F3
transposants (transposed Ds elements) are collected. Once
transposition is confirmed, the chromosomal locations of up to
5000 localized transposants are simultaneously determined by
combining an efficient long-PCR-based high-throughput
procedure and a DNA-pooling strategy. In practice, one
procedure is to use information from DNA databases todetermine the chromosomal locations of all genes within the
400-kb region and then design primers that correspond to each
gene and screen the mutant library to find the specific, desired
insertional mutants (Fig. 1, Option A). Alternatively, to make
sure that the gene prediction programs do not miss any genes,
especially small ones, the entire 400-kb region can be
saturated with one insertion every kilobase. In this case, the
transposition distance of a specific transposant is estimated by
comparing the size of the PCR product with DNA size
markers. The chromosomal location of the specific transposant
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on the genomic DNA and the size of the amplified DNA. If
adjacent specific primers are 8 kb apart, 50 different specific
primers are needed to cover a region of 400 kb. At the end of
analysis, in principle, all transposants within this 400-kb region
will be located in different transposant-containing plants based
on pooled DNA samples (Fig. 1, Option B). Option B will
involve more work since a larger number of primers will be
needed. However, both of these options are practical and much
faster than the commonly used procedure for FSA whenever a
very large number of samples need to be analyzed.
Construction of the Ds-containing and transposase
gene-containing plasmids
A schematic representation of the Ds-containing plasmid
pDsG8 is shown in Fig. 2A. Details of pDsG8 can be found in
the Supplementary Material on plasmid construction. pDsG8
includes a truncated rice cytochrome c gene for rapid PCR-
based determination of the copy number of the integrated DsG8
in the rice genome [21] (also see Supplementary Material on
plasmid construction).
A second plasmid, pUbi-Ac-TPase, that harbors a maize
transposase gene (Ac-TPase) was also constructed (Fig. 2B).
Details on the features of this plasmid can be found in the
Supplementary Material on plasmid construction.
Generation of transgenic rice plants that harbor Ds- and
separately Ac-containing T-DNAs
In producing transgenic plants, pDsG8 was introduced into
rice genotype Nipponbare via Agrobacterium tumefaciens-
mediated transformation. The hpt in the plasmid (Fig. 2) wasFig. 2. Construction of two plasmids. (A) pDsG8 T-DNA, a Ds-containing T-DNA. LB
cauliflower mosaic virus (CaMV); bar, the coding sequence of the gene for phosp
promoter from CaMV; hpt, the coding sequence of the hygromycin phosphotransfera
cleavage sites for endonuclease SfiI, I-PpoI, and PmeI; Tnos, the terminator of the no
GPA1 In, intron of GPA1 gene for G-protein α subunit from Arabidopsis [13]; Ubi-P,
[21]. (B) pUbi-Ac-TPase T-DNA, Ac transposase-containing T-DNA. Ac-TPase, the
tobacco mosaic virus. Other abbreviations are the same as those in (A).used to select for transgenic seedlings. Histochemical staining
for GUS activity was also used to confirm the transformed
seedlings. More than 900 independent rice transformants were
generated, of which approximately 300 harbored a single copy
of the Ds T-DNA. To simplify subsequent analysis, we used
only transgenic lines that harbored a single copy of the Ds-
containing T-DNA. The pUbi-Ac-TPase T-plasmid was sepa-
rately introduced into rice calli, and over 20 independent Ac-
containing transgenic plants were regenerated. Six of these
plants harbored a single copy of the Ac-containing T-DNA.
Generation of Ds anchor lines
The integration location of each Ds-containing DNA within
the genome was determined by the TAIL-PCR procedure [22]
(for details, see Materials and methods). Among 300 plant lines
analyzed, we randomly chose 80 lines for analysis of the T-
DNA integration locations by performing TAIL PCR. Of the 80
lines, 49 gave flanking sequences that can be mapped on the
chromosomes. The sequencing result showed that the T-DNA
insertions of these 49 anchor lines distributed on 11 of the 12
chromosomes (Supplementary Materials, Table 1S). The reason
many more insertions occurred on chromosomes 1 and 3 and
none on chromosome 6 is probably because the sample size was
fairly small. We would expect that, if we were to analyze 10
times as many anchor lines, the distribution would be more
even. Each of these 49 mapped Ds anchor lines could serve as a
starting point to generate a large number of transposants to
prepare an indexed, region-specific, saturation mutant library.
Data on insertion position, nearest genetic marker, and E value
of two anchor lines are shown in Table 1A as examples. All
49 anchor lines are described in the Supplementary Material,
Table 1S., T-DNA left border; RB, T-DNA right border; 35S 3′, the 35S terminator of the
hinothricin acetyltransferase to be used as an excision marker; 35S-P, the 35S
se gene; Tpin, the terminator of the Pin II gene; RS, rare sites, which include the
paline synthase gene; GUS, β-glucuronidase gene; 3SA, triple splice acceptor;
ubiquitin promoter from maize; T-cyt108, a truncated cytochrome c gene of rice
maize transposase gene without its promoter; Ω, the 63-bp Ω sequence of the
Table 1
Analysis of two anchor lines and Ds transposition in F2 plants
DS anchor line Chromosome BAC/PAC hits Insertion position in chromosome Nearest genetic marker E value
A
Ds1 4 OSJNBa0039G19 5,098,439 C12132S 1×10−104
T369 12 OJ1126F08 976,554 RM3323 0.0
Ds anchor line Excision frequency (%) Reinsertion frequency (%) Transposition frequency (%) Independent Ds insertions (%)
B
Ds1 44.3 70.6 31.3 78
T369 17.7 77.0 13.6 83
Table 2
Distribution of 463 transposed Ds elements (transposants)
Anchor
line








Ds1 4 28.9 (72/249) 71.1 (177/249) 8.0%
T369 12 26.2 (56/214) 73.8 (158/214) 12.1%
a Transposants located with ±200 kb from the anchor location.
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transposition
First, several Ds-containing anchor plants were crossed with
an Ac-containing plant harboring the constitutive-promoter-
linked Ac-TPase (pUbi-Ac-TPase). Two Ds anchor lines, T369
and Ds1, were studied in detail. In the T369 plant, the Ds-
containing T-DNA was integrated at position 976,554 bp on
chromosome 12. In the Ds1 plant, the Ds-containing T-DNA
was integrated at position 5,098,439 bp on chromosome 4.
HomozygousT369 andDs1 lineswere crossed separatelywith
an Ac-containing plant (Fig. 1, top line), and approximately 100
F1 plants were produced from each anchor line. Plants containing
both Ac and Ds were confirmed by PCR (see Materials and
methods). Next, we produced amoderate number of F2 plants and
then a large F3 population. Transposants were rapidly identified
by simultaneously screening many putative transposants with
Basta herbicide and hygromycin (Fig. 1, middle section).
Analysis of F2 population for transposition frequency
Approximately 20,000 F2 seeds were obtained and screened
in a solution containing Basta and hygromycin. Six days later,
the Basta- and hygromycin-resistant seedlings had grown to
over 2 cm and were selected for further analysis. The sensitive
seedlings had barely grown at all (see Supplementary Material,
Fig. 1S). Additional PCR analysis showed that among 230 Ds1
F2 plants and 1309 T369 F2 plants, 44% of Ds1 and 18% of
T369 F2 plants showed excision events (Table 1B). Excision
was detected by the appearance of a 500-bp band by using PCR
and two suitable primers (see Supplementary Material, Fig. 2S).
Excision events were confirmed by determining the sequence
around the empty donor sites (see Supplementary Material,
Figs. 2S, 3S, and 4S). The results showed that 71% of Ds1 and
77% of T369 F2 plants carried the transposed Ds elements
based on PCR analysis using primers corresponding to the Ds
element. Thus, the overall transposition frequency was 31% for
Ds1 and 14% for T369. The flanking DNA sequence results
indicated that 78% of the transposed Ds elements in Ds1 and
83% in T369 showed independent Ds reinsertions (Table 1).
Analysis of F3 population for transposition frequency
To determine whether the use of an F3 population would be
efficient for the Ds element-mediated gene-tagging strategy,we generated a large-scale transposition population by transfer-
ring 19 Basta-sensitive F2 seedlings (Fig. 1, Basta
S and HygR
families), which had not yet transposed, first to water for
15 days and then to soil to allow them to grow and set seeds.
The 19 plants produced approximately 10,000 F3 seeds. After
screening, Basta- and hygromycin- resistant F3 seedlings were
used to determine Ds transposition by PCR. We screened a
total of 3296 F3 seedlings, which came from the 19 F2 lines,
and 52% of these lines (10/19 lines) showed excision events.
The excision efficiencies in the 10 populations ranged from 6
to 50%, with a mean efficiency of 27% in the F3 populations
(for details, see Supplementary Material, Table 2S). We
randomly selected 98 Basta-resistant plants to determine Ds
reinsertion by PCR. The result indicated that 79% of plants
that showed excisions carried transposed Ds elements. To
determine whether the Ds elements from different F3 plants,
which were derived from the same F2 plant, reinserted at
independent loci, TAIL PCR was used to analyze these
individual F3 plants. The FSA result indicated that all of the
T369-derived F3 plants from the same inactive Ds F2 plants
carried Ds reinsertions and that 86% of transposants in the F3
plants indicated independentDs reinsertions. Thus, F3 plants are
a useful source for creating a large-scale transposant population
in rice.
Distribution patterns of Ds reinsertion sites
In this study, two populations of transposants were generated
from two anchor lines (Table 2). From the T369 line, both an F2
and an F3 population were generated. A total of 463 loci were
mapped, and the results are summarized in Table 2. DNA
sequence information that corresponds to each of the 463 Ds
reinsertion line numbers, GenBank accession number of the
BAC/PAC that corresponds to each flanking sequence, insertion
positions in chromosomes, and disrupted known or expressed
sequences are available upon request.
Fig. 3. The transposition distances from the anchor line T369 on chromosome 12. (A) Fifty-six Ds reinsertion loci were located on the same chromosome derived from
the anchor line; 49 transposants were reinserted within a region of 6000 kb (−1000 to 5000 kb); transposants within 25 kb are shown at the same location. (B) Twenty-
sixDs reinsertion loci were located within a region of 400 kb. *Genes disrupted by transposants. The vertical axis indicates the number of insertions at a given location
(transposants within 2 kb are shown at the same location). The horizontal axis indicates the distance (kb) from the original donor site (anchor position).
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between 26 and 29% of the transposedDs elements moved to the
same chromosomes. To characterize the linked transpositions
further, the distributions of the insertion loci within −1000 and
5000 kb, and within −200 to 200 kb, of the T369 donor site are
illustrated in Fig. 3. We found that among all 214 Ds reinsertion
loci mapped, 56 Ds loci (26%) were linked to the T369 donor
site on the same chromosome (Table 2). Fig. 3A shows that 88%
(49/56) of transposants reinserted within a region of 6000 kb
(−1000 to 5000 kb), and Fig. 3B shows that 46% (26 of 56 Ds
loci) reinserted within a region of 400 kb (−200 and 200 kb).
Results for the Ds1 anchor lines were similar and can be found in
Fig. 5S of the Supplementary Material.
The 400-kb region flanking the T369 donor site contains 59
genes according to the NCBI database. The gene density in this
region is 6.8 kb per gene. Within this region, we produced 26
insertional mutants, 13 of which were located in the coding
region or 5′ UTR. The 26 insertions disrupted 13 genes (22% of
the 59 genes).
Strategy for long-PCR approach and pooled DNA samples
For the high-throughput PCR procedure using a pooling
strategy, we collected equal amounts of leaves and then pooled
the leaf tissue from 12 plants to be used as horizontal pools (H)
and 8 plants to be used as vertical pools (V). DNAwas purified
from 20 such pools and arranged in a two-dimensional array
(see Supplementary Material, Fig. 6S). To determine the
transposition distance by long PCR of each transposant within
±200 kb of an anchor position, one primer sequence was based
either on the predicted gene sequence or on a sequence adjacent
to the anchor position. The other primer sequence was based on
a part of the 5′ Ds end or the 3′ Ds end [23,24].As an example, as shown in Fig. 4, we chose a genomic
primer (GP1), located at 976.5 kb on chromosome 12, which is
approximately 6 kb away from the insertion site of anchor line
T369. We performed long PCR using primer combinations of
GP1 and 5′DsP (Fig. 4A) and, separately, GP1 and 3′DsP (Fig.
4B). Only the GP1 and 5′DsP combination showed a 6-kb band
in pool H4 and pool V3 (Fig. 5A). Based on these results, plant
39 was determined to be the line carrying the insertion mutant of
interest (see Supplementary Material, Fig. 6S, for pooling
strategy).
By applying the long-PCR procedure according to Option A
(Fig. 1), one can obtain the exact location of the Ds insertion in
the mutant plant. However, even though this option requires
fewer primers, one still needs to generate a large population so
that on average there will be an insertion every 1 to 2 kb. One
also needs to use the long-PCR procedure to capture the
maximum number of transposants within an 8-kb region.
According to Option B, the procedure does not give the exact
flanking sequence at the Ds insertion site. The transposition
distance is estimated by comparing the size of the PCR product
with the size markers. In this specific example, the error of size
estimation was less than ±0.3 kb. The advantage is that one can
use visual inspection to choose suitable transposants easily out
of a large population to be part of the indexed, mutant library,
even when the gene is present in more than one copy in the rice
genome. In contrast, when the gene is present on more than one
location in the rice genome, FSAwill not be able to specify the
chromosomal location unequivocally.
Reconstruction experiments for two-dimensional pooling
To test how large a number of transposants could be pooled,
a reconstruction experiment was carried out. DNA from pool
Fig. 4. A diagram of the steps involved in determining the transposition distances in transposants using the long-PCRmethod. GP1 represents a genomic primer. (A) 5′
DsP represents a primer based on a part of the sequence near the end of the 5′ Ds for capturing transposants in the same orientation during transposition as that of the
anchor position. (B) 3′DsP represents a primer based on the 3′ Ds sequence for capturing a transposant that turned 180° relative to the anchor orientation during
transposition. The filled circles represent the genomic locations chosen to initiate long PCR to generate a DNA fragment.
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of DNA from unrelated transposants to produce six new pools
that contained DNA samples representing 20, 40, and 60 (H4-
60) and 80 and 100 (H4-100) transposants (see Fig. 5B). Long-
PCR conditions and the PCR program were the same as for the
above showing the 6-kb band. By using the combination of
primers GP1 and 5′DsP once more (Fig. 4), we again found the
same 6-kb band in all six reconstructed pools (Fig. 5B). This
result indicated that the DNA pool that contained up to 100
transposants still produced the same 6-kb band.
We carried out another long PCR using a different primer
combination of GP2 and 5′DsP, which gave an 8.6-kb band in 2
of 20 pools (data not shown). The DNA pool containing 12
individual transposants was named pool H30. Next, DNA from
pool H30 was mixed with different amounts of DNA from
unrelated transposants to make 6 new pools that contained DNA
samples representing 20, 40, and 60 (H30-60) and 80 and 100
(H30-100) transposants. Long-PCR conditions and the PCR
program were the same as for the above showing the 8.6-kb
band. The primer combination of GP2 and 5′DsP again gave an
8.6-kb band in all 6 reconstructed pools (Fig. 5C). This result
indicated that the DNA pool that contained up to 100 samples
still produced the same 8.6-kb band.
In another reconstruction experiment, DNA pool H4-60,
which showed a 6-kb band, was mixed with DNA pool H30-60.
Long PCR was performed using a combination of GP1, GP2,
and 5′DsP for the mixed pools (H4-60 and H30-60). The result
showed that two bands, 6 and 8.6 kb, were both present in the
mixed pool (lane 3, Fig. 5D). The result indicated that different
primer combinations were able to bind to different target sites in
one PCR operation. This suggests that two or more target sites
can be detected in one PCR operation using three different
primers.
Discussion
Several investigators have reported the strategy of using
anchor lines (launch pads) for regional insertional mutagenesis
of the Arabidopsis genome, starting in 1995, and those reports
were later summarized [25]. In rice, Upadhyaya et al. [26] used
localized insertional mutagenesis around a specific region andgenerated 68 launch pads. However, none of the published
reports on either Arabidopsis or rice provided sufficient
information to allow an indexed set of insertional mutants
saturating a specific region to be created.
Our method for producing an indexed, insertional-mutant
library in rice differs from published methods in two ways.
First, we use a long-PCR-based high-throughput method to
determine the chromosomal locations of a large number of
transposants (such as 8000) by the pooling strategy. We located
the chromosomal positions by applying Option B (Fig. 1, the
last step), which gives a precision of ±0.3 kb from the exact Ds-
insertion site. We believe that this level of precision is adequate
since the average gene is over 2 kb in size. In contrast, the FSA
using TAIL PCR requires the analysis of each insertional
mutant, one at a time. Second, our method can more easily
saturate the chromosomal region that surrounds a specific
anchor position than can attempting to saturate the entire rice
genome in constructing a random insertional-mutant library.
In practice, different laboratories can work on different
anchor lines, focusing initially on areas rich in interesting genes,
and produce a saturated, indexed, insertional-mutant library
around a specific anchor line. In fact, scientists can already
choose from the existing anchor lines (49 from this work and 68
fromUpadhyaya et al. [26]). Of the 49 anchor lines we identified,
35 anchor insertions occurred in regions containing a larger
number of genes than that based on the average gene density of
each chromosome (see Table 1S of the SupplementaryMaterial).
Comparison between the long-PCR procedure and the
TAIL-PCR procedure for analyzing transposants
We compared methods for determining the chromosomal
locations of a large number of transposants to saturate eventually
the entire rice genome. The first method was the commonly used
TAIL-PCR analysis (FSA) for determining the flanking
sequences [22] of each plant separately, and the other was our
long-PCR method that is coupled to a DNA pooling strategy.
We believe that while it has been barely possible to produce
an indexed, insertional-mutant library in Arabidopsis by
determining the flanking sequences of approximately 128,000
insertional mutants by FSA [27], positive results in only 88,000
Fig. 5. Analysis of long-PCR products. For the long-PCR procedure, the following specific primers were used: the 5′ end of the Ds element (5′DsP), 5′-
TTTTGTATATCCCGTTCCCGTTCCGTTTTC-3′; the 3′ end of the Ds element (3′DsP), 5′-CGATTACCGTATTTATCCCGTTCG-3′; and the genomic sequences
GP1, 5′-CTATTCGGCGATGGCAAGTGTATGAGGTG-3′, and GP2, 5′-ACCATTTTCACACCCCGTATATTCACTGC-3′. The long-PCR mixtures (20 μl)
contained 1× PCR buffer containing Mg2+, 0.5 mM dNTPs, 0.3 μM 5′DsP or 3′DsP, GP, about 100 ng of pooled DNA, and 1 unit of TripleMaster polymerase mix
(Eppendorf). Long PCR was carried out using the following program: 94°C for 3 min; 11 cycles of 94°C for 25 s, 60°C for 30 s, 68°C for 7 min 5 s; 29 cycles of 94°C
for 25 s, 60°C for 30 s, 68°C for 7 min 5 s+5 s/cycle. (A) An example of the long-PCRmethod to determine the transposition distance. The numbers represent the pool
numbers. H represents horizontal pools; V represents vertical pools. (B) The reconstructed pools derived from H4. Lane 1 contained 12 individual transposants; lane 2
contained 20 individual transposants; lane 3 contained 40 individual transposants; lane 4 contained 60 individual transposants; lane 5 contained 80 individual
transposants; lane 6 contained 100 individual transposants; lane 7 did not contain the positive pool H4 and was used as a negative control. (C) The reconstructed pools
derived from H30. Lane 1 contained 12 individual transposants; lane 2 contained 20 individual transposants; lane 3 contained 40 individual transposants; lane 4
contained 60 individual transposants; lane 5 contained 80 individual transposants; lane 6 contained 100 individual transposants; lane 7 did not contain the positive pool
H30 and was used as a negative control. (D) The reconstructed pools derived from H4 and H30. Lane 1 was H30-60; lane 2 was H4-60; lane 3 contained both H4-60
and H30-60; lane 4 did not contain either H4 or H30 and was used as a negative control.
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library. In principle, a total of 220,000 random mutants need to
be analyzed to ensure a 99% probability that an insertion occurs
every 3 kb [2]. We believe that determining the chromosomal
locations of all insertional mutants in rice is not practical,
because the rice genome is more complex and it is three and a
half times larger than that of Arabidopsis.
The data in Table 2 show that in rice, between 8 and 12%
(average 10%) of the transposants are located at sites within a
400-kb region (±200 kb from the anchor location). Results in
Fig. 3B show that 26 insertions interrupted 13 genes, which
amounts to 22% (13/59) of all genes predicted. Thus, the
number of insertional mutants needs to be increased by at least
5-fold, preferably 10- to 20-fold, not only to disrupt all genes in
this chromosomal region, but to generate allelic mutants as well.
To saturate the 400-kb region in the rice chromosome with one
transposant every 1 to 2 kb, one would need to generate
approximately 8000 transposants from a specific anchor
position. In calculating the manpower needed to analyze 8000
transposants, based on our experience and estimation, the long-
PCR procedure would take 4 man-months, whereas the TAIL-
PCR procedure would take 20 man-months. Thus, the long-
PCR procedure is approximately five times faster and five times
more cost effective than FSA (for a detailed calculation, see the
Supplementary Material).Advantages of keeping both Ds and Ac elements in the same
line
The general practice in microbial genetics requires that stable
mutants be obtained. It has been reported that the last step in
generating an insertional-mutant library in Arabidopsis is to
allow a transposant to segregate out the Ac-T-DNA to produce a
stable insertional mutant [13]. We believe that, for rice, not only
is this unnecessary, but there are actually advantages in keeping
the Ac-T-DNA in the transposants, because one can generate
useful revertants while analyzing a specific insertional mutant.
Our belief is based on the relatively low frequency of Ac/Ds
transposon-mediated transposition, which is between 5 and
40% per generation ([3,6–8] and Table 1A). Thus, if 100 F4
transposants are generated from a given F3 plant, at least 60
plants will be equivalent to stable mutants and can be used to
look for changes in phenotypes. The other consideration is
related to saving labor and time. The fact is that, by the time all
of the mutants of a saturated, insertional-mutant library around a
specific anchor line have been collected, there may be 400
mutant lines. It would take a great deal of work to segregate out
the Ac element to produce stable mutants from each of these
lines. In practice, a given investigator is probably interested in
only one or a few of these 400 mutant lines. Thus, it is a distinct
advantage for an investigator to use a mutant line in which the
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readily generate revertants of the specific mutation to gain
additional proof that the phenotypic change is indeed associated
with the specific Ds-related insertional event.
Advantages of dividing the rice genome into many anchor lines
By arbitrarily dividing the rice genome into approximately
1200 anchor lines, the distance between adjacent anchor lines is
approximately 400 kb. We decided to cover a 400-kb region,
based on the results of the two anchor lines that we analyzed.
We expect that depending on the chromosomal location of
different anchor lines, the pattern of distribution of transposants
around each anchor line is likely to be different. In certain cases
or regions, it may be necessary or more appropriate to cover an
800- or 1200-kb region instead of a 400-kb region. As a
consequence, we will need fewer anchor lines to cover the entire
rice genome. In practice, the general pattern of distribution of
transposants for a given anchor line can be estimated at the F2
generation by FSA. This information will help the investigator
determine how large a region should be covered by the long-
PCR procedure when analyzing a much larger F3 population
derived from a given F2 population.
Another attractive feature of our strategy is that it is easy to
share anchor lines with other investigators. In fact, of the 49
anchor lines that we have generated, a number of them are rich
in gene content (see Supplementary Material, Table 1S). We are
willing to share these anchor lines with other scientists. A
scientist can choose a specific anchor line that includes the
specific gene(s) of interest and generate a saturated, indexed,
insertional-mutant library that contains between 400 and 800
mutants.
In summary, in this paper, we describe an efficient approach
to construct an indexed, insertional-mutant library of rice, such
that a specific chosen chromosomal region can be truly
saturated with insertional mutants. Moreover, our method can
be used for other plant species even if the entire genome
sequences are not yet available (for a detailed discussion, see the
Supplementary Material).Materials and methods
Rice transformation and regeneration of plants
The procedures for transformation, regeneration, and transfer of plantlets to
soil have been well established as previously described [28].
Detection of Ds excision and reinsertion
To detect Ds excision, approximately 300 F2 seeds from crosses were
germinated in a petri plate in solution containing 0.3% Basta. Six days later, the
Basta-resistant seedlings were transferred to a solution containing 50 mg/L
hygromycin. Basta- and hygromycin-resistant F2 plants were further analyzed
8 days later. The transposition events were confirmed by a one-step PCR-based
method, as shown in the Supplementary Material, Figs. 2S and 3S.
To generate large populations of additional transposants, the Basta-sensitive
F2 seedlings in which transposition had not yet occurred were transferred to a
solution containing 50 mg/L hygromycin (without Basta) or water to allow the
F2 seedlings to grow. Fifteen days later, the F2 seedlings were planted in soil andthe plants were allowed to set seeds. Then, the F3 seeds were screened and
analyzed in the same way as described for F2 seeds.
Large-scale genomic DNA isolation
Selected F2 or F3 plants were grown in soil. One month later, leaves from the
seedlings (50–150 mg) were placed in racked Costar tubes. The first 50% of the
leaves were put into Costar tubes; a metal ball was then placed in the middle of
each tube, followed by the other 50% of the leaves. The tubes were then covered
with caps and placed in a −20°C freezer until grinding. Immediately prior to
grinding, the samples were put into liquid nitrogen for 3 to 5 min. Samples were
ground at 500 strokes/min for 20 s in a 2000-Geno/Grinder. Genomic DNAwas
isolated using the DNA isolation protocol of our laboratory [29].
PCR analysis and flanking sequence analysis
These analyses were carried out following published procedures, and details
can be found in the Supplementary Material.Acknowledgement
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Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ygeno.2006.11.014 or in
the web site using the following address http://www.mbg.
cornell.edu/cals/mbg/faculty-staff/faculty/wu.cfm.
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